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Abstract Atomistic disorder such as alloy disorder, surface
roughness and inhomogeneous strain are known to influence electronic structure and charge transport. Scaling of
device dimensions to the nanometer regime enhances the effects of disorder on device characteristics and the need for
atomistic modeling arises. In this work SiGe alloy nanowires
are studied from two different points of view: (1) Electronic
structure where the bandstructure of a nanowire is obtained
by projecting out small cell bands from a supercell eigenspectrum and (2) Transport where the transmission coefficient through the nanowire is computed using an atomistic
wave function approach. The nearest neighbor sp3 d5 s∗ semiempirical tight-binding model is employed for both electronic structure and transport. The connection between dispersions and transmission coefficients of SiGe random alloy
nanowires of different sizes is highlighted. Localization is
observed in thin disordered wires and a transition to bulklike behavior is observed with increasing wire diameter.
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1 Introduction
Semiconductor nanowires are believed to be the potential
candidates for devices at the end of the roadmap. Recently
several groups have demonstrated the nanowire field-effect
transistors (FETs) fabricated from pure elemental or compound semiconductors like Si [1], Ge [2], and GaAs [3] as
well as semiconductor alloys like SiGe [4], and their III–V
counterparts. Random semiconductor alloy nanowires have
local atomic and inhomogeneous strain disorder. Traditional
methods like virtual crystal approximation (VCA) give poor
results even for the bulk alloys like AlGaAs [5]. The effects of disorder will be more pronounced at the nanoscale
and more rigorous models are required to study the effect
of random disorder. Moreover, as the nanowire dimension
shrinks to below around 5 nm, the effective mass approximation breaks down [6] and an atomistic representation of
the material is needed for transport calculations.
This work presents the electronic structure and transport
calculations for SiGe nanowires that contain strain, position,
and atom disorder. Square nanowire cross-sections ranging
from 2 to 7 nm are simulated to study the effect of disorder.
Strain and electronic structure calculations are performed on
the whole nanowire in free standing configuration and substrate is not taken into account.
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2 Method
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The translational symmetry is broken in semiconductor alloy nanowires due to random placement of atoms and inho-
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Fig. 1 Two equivalent representations of a [100] Si nanowire. Small
cell representation in which a wire is made up of a smallest repeating
unit i.e. 4 atomic planes thick slab. Supercell representation in which a
repeating unit consists of integer number of small cells. Here, nanowire
supercell (solid lines) consists of 11 small cells (dotted lines)

mogeneous strain. Thus one runs into the problem of choosing a unit cell for the bandstructure calculation. One way to
take alloy disorder into account is to work with longer supercells (Fig. 1) as basic repeating units. The nanowire bandstructure obtained from the supercell calculation is folded.
Atomistic disorder along the wire breaks the translational
symmetry and the concept of bandstructure can only be
considered in an approximate sense. In this work, the one
dimensional version of the zone-unfolding method [7] is
used to project out the approximate eigenspectrum of the
nanowire supercell on the small cell Brillouin-Zone. The
Projected probabilities are then used to extract the bandstructure of the alloy nanowire according the probability
sum rule for band counting [5]. The small cell bandstructure thus obtained captures the effect of SiGe alloy disorder
on the electronic structure.
Alternatively to the bandstructure view we also model
coherent transport through the wire. A scattering boundary
method [8] is used to calculate the open boundary conditions
at both ends of the nanowire. The transmission coefficients
through the nanowire are then computed by using a hybrid method combining a recursive Non-Equilibrium Greens
Function (NEGF) and a wavefunction method [8]. The scattering boundary method calculates the surface Green’s function from the bandstructure of a reservoir. In these calculations the semi-infinite source (drain) region is assumed to be
identical to the first (last) slab of the nanowire. That is the
same atomic disorder as the first (last) slab is assumed to
repeat throughout the semi-infinite source (drain) region so
that the bandstructure of the source (drain) region is same as
that of the first (last) slab. The tight-binding model in which
atom and strain disorders are automatically incorporated by
the atomistic nature of the Hamiltonian is used.

3 Results
The free standing square cross section Si0.8 Ge0.2 alloy
nanowires studied here have two types of disorders: random
atom disorder due to alloying and inhomogeneous strain disorder due to different Si-Si, Ge-Ge, and Si-Ge bond lengths.
The nanowire geometry is specified in terms of conventional
Zincblende (cubic) unit cells as nx × ny × nz where nα is

the number of cubes in direction-α. All electronic structure
and transport calculations have been done in sp3 d5 s∗ tightbinding model. Relaxed wire geometries are calculated in
NEMO-3D [10–12] from Valance Force Field approach [9].
The bulk and strain Si and Ge parameters are taken from
[13, 14].
The smaller wire (Fig. 2) has the dimensions of 40×6×6
(22.3 × 3.3 × 3.3 nm) i.e. it is constructed from 40 1 ×
6×6 slabs along [100] crystallographic direction. Electronic
structure of this nanowire is calculated with NEMO-3D in 3
different formulations in Fig. 2(a). The first approach is the
so called local bandstructure approach in which the bandstructure of each slab is calculated assuming that this slab
repeats infinitely along the nanowire. Due to fluctuations in
atomic arrangements along the nanowire length one expects
to see the different bandstructures for each slab as shown in
Fig. 2(a). This local bandstructure approach does not deliver
a meaningful overall bandedge of the wire or a meaningful effective mass. The second approach is the conventional
VCA approach which averages the atom potentials according to the atomic composition of the material. This results in
a homogeneous wire without any disorder. The bandstructure might then as well be represented by a single slab. In
the third approach eigenspectrum of the whole nanowire supercell is unfolded to obtain the bandstructure of the best
translationally symmetric nanowire small cell.
Figure 2(b) shows the transmission coefficient through
this wire computed using coupled open boundary conditions and atomistic NEGF approach. Transmission coefficient shows the noisy behavior because of random SiGe alloy disorder and inhomogeneous strain disorder in the wire.
Steps in the transmission plot can be roughly related to the
unfolded bandstructure (Fig. 2(a)) from supercell calculations. Four separate 4 valley bands appear as a single band
with a finite energy spread in the projected bandstructure.
These four bands turn on near 1.44 eV which corresponds
to the conduction band transmission turn on. Two 2 valley bands turn on near 1.47 eV which leads to a step in the
transmission. Four more channels due to higher 4 valley
sub-bands turn on near 1.57 eV. These transmission features
can not be related to the conventional virtual crystal approximation (VCA) bandstructure shown in Fig. 2(a).
Peaks in the transmission plot can be related to resonant
transport through localized states in the wire. Local bandedge plots of the lowest 4 and 2 valley minima are shown
in Fig. 2(c). Variation of band-edges along the nanowire
length cause reflections which lead to the formation of the
localized states and peaks in transmission as seen in the density of states and transmission plots. Note that the presence
of the peaks in the transmission can not be predicted from
the unfolded bandstructure because the unfolded bandstructure is an eigenspectrum of the best possible translationally
symmetric Hamiltonian through the nanowire.
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Fig. 2 (Color online) (a) Bandstructures of 40×6 × 6 Si0.8 Ge0.2
alloy nanowire in local bandstructure (gray), VCA (black) and zoneunfolding (red) formulations. (b) Transmission coefficient. Steps in
transmission are identified as resulting from new bands appearing in
projected bandstructure. (c) Local band-edge of lowest energy 4

and 2 valley minima along wire length and density of states (on a
log scale). Peaks in the transmission arising from 4 valley localized
states have dominant DOS contributions coming from |py |2 + |pz |2
while 2 valley peaks have dominant |px |2 contribution

Fig. 3 (Color online)
(a) Bandstructures of
60 × 13 × 13 Si0.8 Ge0.2 alloy
nanowire in VCA (black) and
zone-unfolding (blue)
formulations. (b) Transmission
characteristics of the wire. Inset
shows the local 2 valley
minima near the left reservoir

As the nanowire cross section increases random distribution of Ge atoms is expected to have less influence on
the transport characteristic of the SiGe nanowires. The local
bandstructure variations along the length of the nanowire reduce which reduce the number of localized states. The bandstructure and the transmission characteristics of a 60 × 13 ×
13 (32.5 × 7.1 × 7.1 nm) Si0.8 Ge0.2 wire are shown in Fig. 3.
Error bars on the approximate bandstructure are smaller
compared to smaller cross section nanowire of Fig. 2. The
transmission coefficient also shows smoother step like behavior compared to the smaller nanowire. The transmission
behavior of the nanowire can not be predicted from the VCA
bandstructure because the transmission turns on at 1.28 eV
before the first VCA band which only starts at 1.29 eV. The
minimum energy valleys in the VCA formalism are 4 valleys. The local conduction band-minimum along the wire,
however, is 2 like (inset of Fig. 3(b)) which agrees with
the unfolded bandstructure. Thus as opposed to the VCA,
the unfolded bandstructure correctly predicts relative positions of valley minima.
It is important to point out here that the bandstructure calculation and the transport calculation use different bound-

ary conditions. In the bandstructure calculation the wire is
repeated infinitely with disorder, while the transport calculation assumes a homogeneous ordered alloy at the bandedges as injectors. The ransmission turn on occurs at higher
energies than predicted by the unfolded bandstructure because the local conduction band minima near the left reservoir (also the source of injected waves) are higher in energy
which prevent propagation waves with energies lower than
1.28 eV.
Extracted band parameters such as conducion band minima, effective masses and average band uncertainties are
plotted as a function of the nanowire size in Fig. 4. The
approximate bandstructure predicts a smaller 2 bandminimum than the VCA similar to AlGaAs nanowires [15] and
AlGaAs bulk [5]. The direct (4 ) and indirect (2 ) valleybandgaps show an interesting cross-over for wires with sizes
larger than 4 nm, which will significantly increase the density of states at the conduction band edge and influence
device performance; the VCA assumption does not result
in such a cross-over. The VCA and unfolded bandstructure effective masses are slightly different (Fig. 4(b)). Unfolded bandstructure effective masses of larger cross section
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Fig. 4 (a) Direct (4 valleys) and indirect (2 valleys) conduction band minima obtained form VCA and zone-unfolded bandstructures. (b) Effective masses of 4 and 2 valleys. (c) Energy uncertainties of 4 and 2 bands

nanowires are closer to the bulk Si0.8 Ge0.2 - and X-valley
effective masses (0.92m0 and 0.19m0 respectively) reported
in [16] compared to VCA. More accurate effective masses
and bandedges obtained from the zone-unfolding method
can be used in simple ballistic MOSFET transport models
such as the top-of-the barrier model of [17].
Since the unfolded supercell bandstructure is approximate it has an error bar associated with each energy and
wavevector in the dispersion. These energy uncertainties can
be used to calculate the scattering time of the state according to the prescription of [18]. As the nanowire cross-section
increases the error bars become smaller (Fig. 4(c)) and the
system becomes more bulk like.

4 Conclusion
The electronic structure and the transport characteristics of
random SiGe alloy nanowires indicate the critical importance of the treatment of atomistic disorder. Typical approaches of a smoothed out material (VCA) or considerations of bandstructure in just individual slices clearly fail
to represent the disordered nanowire physics especially for
very narrow cross section nanowires. Unfolded bandstructures from zone-unfolding of the supercell eigenspectrum
and transmission characteristics combined, are showns to
explain the relevant physics in these disordered systems.
As the nanowire cross-section increases the transport behavior moves from resonance dominated regime to a smoother
ideal 1D transport regime.
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